Abstract. Seismic vulnerability models of typical highway piers under the near-fault ground
INTRODUCTION
Near-fault ground motions have been a hot research topic in the field of earthquake engineering for their special characteristics in recent years. In particular, the pulse-like near-fault ground motions caused by the forward effect and slip effect have a significant dynamic effect on structures, which lead to severe structural damage [1, 2, 3] . The seismic responses of bridge piers such as strain, curvature and drift ratio can be further amplified, the residual displacements of piers are also very significant for piers under the near-fault ground motions [4, 5, 6, 7] . Therefore, the damage of piers and its probabilities of occurrence should be studied further to investigate the seismic risk of the bridge system. Seismic vulnerability analysis is an important step in the procedure of seismic risk assessment. The fragility function and the incremental dynamic analysis (IDA) are commonly adopted when researchers analyses the seismic risk [8, 9] . Nevertheless, the study of seismic vulnerability models of piers under near-fault ground motions is still in its beginning [10, 11] . Besides, previous studies have mostly been conducted for ordinary ground motions by using unique bridge sample in the process of seismic fragility analysis. It's necessary to analyze the seismic vulnerability of piers under nearfault ground motions with respect to the special characteristics of near-fault ground motions and by considering severe damage of piers.
SEISMIC FRAGILITY MODELS' THEORY OF PIERS
The research object of this paper is to set up the vulnerability models of piers which refer to the probability of exceeding a certain damage state when they are under certain level of ground motions. The vulnerability model is assumed to follow the lognormal distribution in this paper, which is expressed as follows:
where, C is the capacity of piers, D is seismic responses of piers, IM is the intensity of ground motions, m and are the median and logarithmic standard deviations of the seismic fragility models.
Seismic Fragility Models Based on IDA method
The seismic vulnerability analysis of piers is carried out by IDA method in this paper. The specific processes are described as below: the values of the ground motion intensity measure are scaled and the seismic responses are obtained by performing nonlinear time-history, then the damage measures and their limit values are selected and determined respectively, finally different methods are adopted to analyze and obtain the fragility parameters, and these models are included in the estimation method such as that based on the multiple-stripe analysis idea, the frequency point regression methods from the Monte Carlo sampling or the twodimensional probability density function integration method [12, 13, 14] .
The Definition of Piers' Limit States
According to the literature review, the performance levels and damage states of piers are divided into five types [15] .The displacement ductility coefficient Δ and residual displacement drift ratio DR are commonly selected as the damage indexes and their limit values of damage states are identified respectively [16, 17, 18] . The specific quantifications of the damage states of piers are listed in the 
PIER SAMPLES AND NONLINEAR FINITE ELEMENT ANALYSIS

Design of Pier Samples
With reference to the existing design codes of China and the literature material, pier samples are designed by orthogonal test method in this paper [19, 20] . The specific information of pier samples is listed in the 
Nonlinear Finite Element Pier Models
Finite element analytical models of piers are built by using the OpenSees software [21] . The specific modeling details are shown as below: Force-based beam-column element is adopted to simulate piers. Piers are considered to be made up of fiber element. Concrete01 WithSITC material is selected as the concrete constitutive model of pier and consequently the residual displacement could be captured more accurately [22] . Steel02 material is elected as piers' steel constitutive model. Rayleigh damping mode is chosen and the adopted damping ratio is 3% [23] . The connection between the pier and foundation is rigid linked directly.
The Input of Ground Motions
The input of ground motions are selected from PEER Strong Motion Database. According to the relevant literature, the selection criteria of earthquakes are determined and listed in the table 3 [24] . Totally 30 near-fault or far-field ground motions are selected based on the aforementioned criteria. In order to simulate the seismic response of piers more accurately, three-directional ground motion input is taken in this paper. Simultaneously, PGV is selected to be the intensity measure [25] . Moreover, the selected ground motions are truncated because the original durations are too long.
SEISMIC FRAGILITY ANALYSIS OF PIERS
Thirty-six pier samples are matched by all of the selected ground motions in this section. The seismic responses of piers are obtained by IDA method and analyzed by different methods, the seismic fragility models and their parameters are got by different mathematical statistics method.
The Estimation Method Based on the Multiple-Stripe Analysis Idea
Multiple-stripe analysis is an alternative nonlinear dynamic analysis method. It is mainly for performing the nonlinear time history analysis by a series of ground motions scaled to specific levels. The principle of the method is used as reference in this paper and the concrete steps are as follows. The pier damage states are calculated based on the seismic responses of piers that are obtained from the IDA method. Then, the likelihood function is assumed to follow the binomial distribution. Finally, the fragility parameters and corresponding curves are acquired by the maximum likelihood method [12] .
In the process of fragility analysis, the likelihood function is assumed to follow the binomial distribution which is expressed as follows:
where, n is the number of pier samples, j is the number of piers that are in a certain damage state, p is the probability of damage that can be calculated from equation (1) .
The specific calculated equation of the likelihood function can be got by equation (1) and equation (2) , which is shown as below:
According to the maximum likelihood method, the parameters of seismic fragility models can be estimated, based on the following equation.
The seismic vulnerability curves obtained by this method are listed in Figure 1 . 
The Frequency Point Regression Methods from the Monte Carlo Sampling
The seismic responses of piers under the selected ground motions are firstly recorded in this method and the damage states of piers are evaluated by the responses. Then the number of piers in four types of damage states is counted and divided by the total number of piers to get the corresponding damage probability. The Fragility curves and their parameters are got by using the method of the least squares method [13] .
The damage probability in this method can be illustrated as follows:
where, N is the number of pier samples, k is the number of selected ground motions and k is equal to 30, F i is the limit state function of piers and its values are below:
According to equation (1) and equation (5), the deviation between the two equations can be illustrated by,
In order to obtain the parameters of the fragility models, the least squares method is adopted to minimize the deviation, the values are as below:
The seismic fragility curves obtained by this method are listed in the following figure. 
The damage index of piers is assumed to yield a certain distribution function in this method, which is assumed to follow the logarithmic normal distribution function in this paper. Given the defined performance level of piers as well as their damage limit states, the damage probability of exceedance can be obtained by integrating the region that is made up of the damage limit states. Furtherly the fragility curves and their parameters are obtained by the least squares method [14] . This method mentioned in this section is mainly under the condition of two damage indexes.
The logarithmic normal distribution function in this method is shown as follows: 
Where, x , y , x and y are the location and scale parameters of the marginal PDF of X and Y , respectively. X and Y are the selected damage indexes. The parameter ρ forms a linear correlation coefficient between the two variables.
Each integrated region is composed of the displacement ductility coefficient and the residual displacement drift ratio, the probability is illustrated as follows:
The probability of exceeding a certain damage state can be got by the equation (10), which is shown in equation (11) 
Furtherly, the equation (11) can be thought to be composed of three parts, which are illustrated below. Where region A is mainly controlled by the displacement ductility coefficient, region B is controlled by the residual displacement drift ratio and region C is controlled by the two damage indexes. The probability density surface and its corresponding integrated region are listed for better illustration of each damaged region, which are shown in the following figure. The following results can be obtained from the above figure. The displacement ductility coefficient and the residual displacement drift ratio both play a major role in the condition that piers are in in the case of minor damage state. The displacement ductility coefficient is important in the circumstance where piers are in the other three damage states. However, the importance of residual displacement drift ratio doesn't stand out when piers are in the Minor damage state and Moderate damage as well as Major damage, yet when piers are in the Collapsed damage state, its significance improves greatly. Therefore, when piers are under the near-fault ground motions, the residual displacement of piers isn't negligible and it is necessary to consider both the ductility coefficient and the residual displacement in the analysis of seismic risk.
Similarly, the deviations between equation (1) and the equation (11) can be acquired and according to the east squares method, the parameters can be obtained and be illustrated in the equation (13) .
The seismic vulnerability curves of piers are acquired under the circumstances with both the displacement ductility coefficient and the residual displacement drift ratio, which are shown as follows. The seismic vulnerability analysis of piers is carried out according to the three methods previously presented in this paper and the corresponding seismic fragility parameters are obtained. In order to facilitate the analysis, the three analysis methods are denoted Method 1 Method 2 and Method 3, respectively. The specific summary is presented in the following table 4 and Table 5 Fragility parameters of piers (far-fault ground motions)
The following results can be obtained from Table 4 and Table 5 : 1) Given the same intensity and the analyzed method 3, the probability of collapse is higher under near-fault ground motions, whereas the probability of damage is lower when piers are in the other three damage states. When it comes to the far-field ground motions, damage states of piers are just of the contrary tendency.
2) Considering the single damage index, the fragility parameters acquired by method 1 and method 2 approximates and they deviate slightly. The main reason for the deviation is due to their own limitations of the mathematical statistics methods used in the analysis. The deviations of the parameters decrease when the number of the considered ground motions and pier samples increase.
3) The median values of the seismic vulnerability curves obtained by Method 3 are lower than those obtained by Method 1 and Method 2. The reason for the decrease is due to the effect of residual displacements. The decrease of the median value also indicates that the damage probability of piers under the same ground motion can further increase.
CONCLUSIONS
The piers which serve as the main components of bridges usually suffer more serious damage than other components under the near-fault ground motions. Therefore, it is of great importance theoretically and practically to analyze the seismic vulnerability of the piers under near-fault ground motions. Based on the results, the suggestions on the seismic evaluation and seismic retrofit prioritization can be furtherly provided. The seismic vulnerability models of piers under near-fault ground motions are studied in this paper, the main research conclusions are as follows:
• From analyzing the effect of near-fault or far-field ground motions on the seismic vulnerability of piers, the following results can be obtained: when the double damage indexes are considered, the probability of collapse is higher under near-fault ground motions whereas the probability of the other three damage states is higher under the far-field motions when given the same intensity of ground motions. Therefore, the effect of near-fault ground motions should be taken into account in the subsequent analysis of the seismic risk assessment of the structure.
• With respect to the proportion of probability of piers under each damage state, the following conclusions can be drawn: (1) The contribution of the displacement ductility coefficient to the damaged probability that piers under near-fault ground motions are in four damage states is prominent. (2)The contribution of the residual displacement of the pier is mirror in the case of the condition that piers are in the first three damage states whereas its contribution increases sharply when piers are collapsed. Therefore, the residual displacement of the pier under the near-fault ground motions can't be ignored in the process of vulnerability assessment • By comparison on the seismic fragility models acquired by different methods, it is indicated that: Considering the two damage indexes, the median values of seismic vulnerability models obtained by the two-dimensional probability density function integration method decreasecompared to that of considering a single damage index. With the decrease of median value, the damage probability of pier increases correspondingly. Therefore, the seismic risk of the pier can be more accurately assessed under the consideration of two damage indexes.
